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Reversible encapsulation allows the temporary isolation of
molecules in very small spaces. There, molecular behavior is
quite different than that in bulk solvent; in capsules recog-
nition can be amplified,
[1] reactive intermediates can be
stabilized,
[2] reactions can be accelerated
[3] or even catalyzed
[4]
and new reaction pathways can appear.
[5] Accordingly, a
multitude of capsules have been devised over the last two
decades. The main cohesive forces—covalent bonds,
[6] hydro-
gen bonds
[7] metals and ligands,
[2a–c,4c,8] or simple hydrophobic
effects
[9]—are used to hold the capsules together and a variety
of structures are available. Yet the self-assembly processes by
their very nature of incorporating multiple subunits tend to
create cavity shapes of high symmetry such as spheres,
polyhedra and cylinders.
We report here examples of new capsules featuring “S”-
and “banana”-shapes that arise from insertion of propane-
diureas 3 into cylindrical capsule 1.1 (Figure 1a). An exten-
sive and mutual induced fit behavior is displayed by these
systems.
The cylindrical capsule host 1.1 (Figure 1a) spontaneously
assembles around appropriate guests in apolar organic
solvents such as mesitylene.
[10] The complex is held together
through a seam of bifurcated hydrogen bonds and attractive
forces between guest and host. When glycoluril 2 (Figure 1b)
is present, new assemblies emerge: the glycolurils act as
spacer elements
[11] that increase the length and capacity of the
inner space. The glycolurils offer superior hydrogen bond
acceptors to the imides  NH donors and four glycolurils
integrate into the middle of the capsule in a twisted “belt”
arrangement that results in a chiral assembly 1.24.1.T h e
elongation of 1.1 with 2 is not limited to a single belt: longer
guests can drive the assembly toward further extension with 2,
3 or 4 belts of glycoluril spacers incorporated.
[12] The twisted
belt arrangement is apparently due to a geometric mismatch
between the adjacent walls of cavitand 1, that are at right
angles to each other (Figure 1e), and the ureido functions of 2
(Figure 1b) that are presented at the considerably larger
angle of approximately 1138.
[13] The corresponding angle of
the propanediurea 3 (Figure 1c) is smaller (ca. 998)
[14] and
more appropriate as a complement to the right angles of the
cavitand. Accordingly, we expected the interaction of 1.1 and
3 but were nonetheless surprised by the results.
The insertion of propanediurea (PD) 3 (see Supporting
Information for synthesis and characterization of 3) into
capsule 1.1 was revealed by the use of commercially available
n-alkanes as guest probes: Figure 2 shows the
1H NMR
spectra of all capsular assemblies obtained. The spectra
were recorded at 280 K, since all the assemblies exhibited
sharp NMR peaks at that temperature. The shortest alkane
leading to an extension of the original capsule 1.1 was n-
tetradecane (n-C14H30), which unexpectedly gave two new
assemblies (labeled I and II; Figure 2 line 1). Both were
formed by insertion of four molecules of 3 between the two
halves of capsule 1.1 as indicated by integration of the
1H NMR spectra (see Supporting Information, Figure SI4).
The spectrum features the anticipated upfield shifts of the
guest signals, and the identical signals for C1/C14, C2/C13,
C3/C12 and C4/C11 indicate some symmetry: the two ends of
the capsules have the same magnetic environment. The
spacing of the alkane guest s methylene signals indicates an
extended conformation with little or no compression (coil-
ing). Both assemblies appear achiral on the NMR timescale at
Figure 1. a) Models of the known cylindrical capsules 1.1 and 1.24.1.
b) Structure and model of glycoluril 2. c) Structure and model of
propanediurea 3 used for the studies described herein. d) Structure of
cavitand 1. e) Model of cavitand 1. (Peripheral alkyl and aryl groups
have been deleted for easier viewing.)
[*] Dr. K. Tiefenbacher, Prof. D. Ajami, Prof. J. Rebek Jr.
The Skaggs Institute for Chemical Biology and Department of
Chemistry, The Scripps Research Institute
10550 North Torrey Pines Road, La Jolla, CA 92037 (USA)
E-mail: jrebek@scripps.edu
[**] This work was supported by the Skaggs Institute. We are grateful to
the Austrian Science Fund (FWF J2995-N19) for an Erwin Schrç-
dinger Scholarship to K.T.
Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201102548.
Re-use of this article is permitted in accordance with the Terms and
Conditions set out at http://angewandte.org/open.
12003 Angew. Chem. Int. Ed. 2011, 50, 12003–12007   2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim300 K and 280 K. However, as the sample is cooled to 240 K
(Figure SI2), diastereotopic geminal guest protons are
observed for the guest in the major assembly (I), indicating
a chiral extended capsule structure (this diastereotopic
splitting can be observed more clearly in assembly I encap-
sulating n-C15H32: see Figure SI2a). A D4-symmetric structure
1.34.1 (Figure 3a) is proposed for this assembly. This structure
is merely the propanediurea counterpart to the chiral
assembly 1.24.1 generated by the glycoluril 2. The latter
capsule showed racemization when longer (C17–C19) n-alkane
guests were inside, but those assemblies had to be heated to
racemize. The faster racemization process for 1.34.1 speaks for
a weaker H-bonding pattern compared to 1.24.1, perhaps as a
result of the decreased angle on the concave side of 3.
In the presence of n-C14H30, the minor assembly II can
only be observed at lower temperatures (280 K). The
characteristic signals of the capsule host are doubled but the
encapsulated guest protons are not affected this way. In
addition, the guest in II appears to be in a longer assembly as
the methylene signals are shifted slightly downfield (ca. 0.1–
0.3 ppm, Figure 2) when compared to their counterparts in
the chiral assembly I (1.34.1). As the sample is heated, the two
assemblies interconvert with coalescence at ca. 300 K (Fig-
ure SI2). Similar behavior was observed on encapsulation of
n-pentadecane. A ROESY experiment with encapsulated n-
C15H32, recorded at 280 K, revealed that the signals for the
imide N-H s (located between d=12.9 and 13.3 ppm) as well
as the corresponding guest signals exchange, as
the two different assemblies interconvert on the
NMR-timescale (Figure SI5).
With longer n-alkanes the less symmetric
assembly II becomes dominant—only a small
amount of capsule I is formed when n-hexadecane
is the guest and with n-heptadecane capsule II is
formed exclusively. A DOSY experiment con-
firmed that all signals are part of the same
assembly, using n-C17H36 as the guest (Figure SI6).
This guest s methylene protons in II are not
diastereotopic (even at low temperatures) indi-
cating an achiral structure for this extended
capsule. Molecular modeling led to a C2h-sym-
metric assembly 1.3’2.32.1 (where the prime ’
denotes the different (horizontal) orientation of
the propanediurea carbonyls as shown in Fig-
ure 3b). The C2h symmetry is responsible for the
appearance of two imide N-H signals (A and B),
four different ureido N-H-resonances (1–4), three
PD-bridgehead C-H signals (a–c), two different
methine C-H s (M1 and M2) and six aromatic C-
H signals (Ar1–6). In addition, a majority of
signals (Figure 3b: 1, 2, 3, 4, c, A, B, M1, M2, Ar1
and Ar5) are enantiotopic due to the plane of
symmetry in the assembly.
There is a dynamic motion in the spacer belt
of 1.3’2.32.1: The split signals of the capsule s
components exchange even at lower temperature
(280 K) as indicated by the appropriate exchange
peaks observed in the ROESY spectrum (see
Supporting Figure SI11). The relatively fast
dynamics in the PD-belt (exchange on the NMR time scale)
are responsible for the lack of information from the NOE-
interactions (see Supporting Figure SI8): For instance, all PD-
bridgehead C-H s a, b, c display NOE-signals to all PD-N-H
protons.
Further evidence for the structure of capsule II (1.3’2.32.1)
was provided by encapsulation of a chiral guest. Earlier work
by Waldvogel et al.,
[15] showed that 2-tetradecanol in capsule
1.1 induced local stereoselective helical folding, and we
expected doubling of the enantiotopic host protons of II when
a chiral magnetic environment was induced in 1.3’2.32.1 by a
suitable guest. This was provided by 2-heptadecanol, which
upon encapsulation displayed diastereotopic signals of the
guest at C3,C 4 and C5 and the expected—now—diastereo-
topic hydrogens at the imide N-H signals of the host
(Figure SI12). Separation of the other enantiotopic proton
signals of the host is not clearly observable, due to signal
overlap.
What governs the structural changes in the two assem-
blies? Longer guests apply pressure on the two ends of the
capsule and favor the propanediurea orientations that give
the capsule longer dimensions (the accessible cavity length in
II is ca. 1   longer than in I).
Encapsulation of the longer n-octadecane (n-C18H38)
resulted in the formation of yet a new assembly (III,
Figure 2 line 5) in addition to II (ratio ca. 1:3.6). It features
a more relaxed guest,
[16] separated imide NH and varied PD
Figure 2. Overview of the 1H NMR spectra of all assemblies formed with guests
ranging from n-tetradecane to n-tricosane. The concentrations are 4.8 mm in cavitand
1, 10.4 mm in propanediurea 3 (20.8 mm in 3 for guests n-C19H40 to n-C23H48) and
24 mm in guest (148 mm for guests n-C21H44to n-C23H48) with [D12]mesitylene as
solvent. The spectra were recorded at 280 K. The arrow indicates a diastereotopic
CH2 group of the guest in the chiral assembly III.
Communications
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with the major assembly (1.3’2.32.1) even at 340 K (Fig-
ure SI14). The structural details of III were obtained with n-
nonadecane since its formation is exclusive with this guest.
First, a chiral structure is required since a diastereotopic CH2
group of the guest can be observed at 240–300 K (see arrow in
Figure 2, and Figure SI16). Second, integration of the relevant
signals revealed that the capsule contains six units of 3
(Figure SI15), an unprecedented number of spacer units.
Molecular modeling led to the unusual “banana”-shaped
structure 1.3’2.34.1 (Figure 3c) of C2 symmetry, which is
formed by the incorporation of two additional units of 3
into assembly II (cf. Figure 3b and d). The structure was
supported by the NOE signals observed (Figure SI17), and a
simulated NMR-spectrum at the DFT-level of theory
(B3LYP/6-31G*) showed good agreement with the experi-
mental spectrum (Figure SI21). The reduced symmetry is
responsible for the appearance of four imide N-H s (A–D,
Figure 3c), twelve different urea NH resonances (1–12), six
PD-bridgehead C-H signals (a–f), four different methine C-H
signals (M1–M4), and eight aromatic C-H signals (Ar1–8).
The unusual shape of III suggested its potential for shape-
selective encapsulation of rigid guests and this proved to be
the case. While the rigid and rectilinear p-pentaphenyl (4) was
taken up by the known
[12] doubly extended capsule 1.28.1,
(Figure 4) it was not encapsulated by III, apparently due to
the insurmountable shape incompatibilities (for spectra see
Figure SI22). The reverse outcome was observed with bent
dialkinylketone guest 5 (see Supporting Information for
synthesis and characterization of 5): it was encapsulated in
the congruent host III but not in the linear capsule 1.28.1 (for
spectra see Figure SI23).
With n-eicosane (n-C20H42) asguest, the same assembly III
(1.3’2.34.1) was observed and, as expected, the guest signals
are shifted upfield (Figure 2; up to d=0.5 ppm for protons at
C4/C17) indicating a more compressed guest conformation.
The use ofn-heneicosane(n-C21H44) asguest givesrise toyet a
new assembly (IV, Figure 2 line 8) in addition to III in a 1.1:1
ratio. As expected for a longer capsule, the guest is in a more
extended conformation in IV. It was studied in more detail
with n-docosane as guest since, once again, the formation of a
single complex simplifiedthe NMRspectra. Integrationof the
spectrum (Figure SI24) revealed the presence of eight PD
units in the new, elongated assembly formulated as IV.T h e
guest methylene protons are not diastereotopic even at low
temperatures indicating an achiral structure for this double-
extended capsule. Wepropose the C2h-symmetric structurefor
assembly IV (1.3’4.34.1) shown in Figure 3e, which is sup-
ported by
1H NMR data and NOE signals observed (Fig-
ure SI26). Due to the C2h symmetry the assembly displays two
Figure 3. Overview of the formed assemblies I to IV and their
approximate accessible cavity length. (Peripheral alkyl and aryl groups
have been deleted for easier viewing.)
Figure 4. Selective encapsulation of complementary shaped guests in
assembly III and the known double-extended cylindrical capsule 1.28.1.
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(1–8), six PD-bridgehead C-H signals (a–f), two different
methane C-H (M1, M2), and six aromatic C-H signals (Ar1–
6).
With the longer n-tricosane (n-C23H48), the limits of self-
assemblyfor this system are reached. AlthoughassemblyIVis
still formed, the signal-to-noise ratio is quite low even in the
presence of 60 equivalents of guest (Figure 2 line 10).
The structure of host IV follows the same expansion
principles as apply for assemblies II and III: each cavitand 1
binds to one unit of 3 in a “horizontal” fashion at a corner of
two walls; the two remaining walls bind one unit of 3 each in a
“tilted” fashion. Since three out of four of the host structures
self-assemble in such a fashion, it appears that this specific
arrangement of the propanediurea units is thermodynami-
cally favorable. The exception to this motif is assembly I,
formed in the presence of the shortest guests (n-C14H30 and n-
C15H32). In this case the packing coefficient (PC, Table 1)
might explain the deviation from the thermodynamically
most stable arrangement: Since host I is smaller than
assembly II, n-C14H30 and n-C15H32 enjoy a more favorable
PC inside. As can be seen in Table 1, the complexes prefer a
PC of 53 to 54%, which can be reached in host II starting with
n-C16H34. By further increasing the guest length, the space
inside II becomes more and more crowded, again triggering
an extension of the capsule to host III with n-C19H40. A similar
trend can be observed for guest n-C21H44.
The propensity of PD 3, to form longer assemblies
whenever the guest increases by only two or three carbon
atoms is unusual: For glycolurils a change in host structure
was observed when the guest length increased by five
additional carbon atoms.
[12] This high adaptability is caused
by the extensive induced-fit behavior of both the host and the
guest. It leads to complexes which stay very close to the ideal
PC of slightly more than 50% (Table 1) over a wide range of
guest length.
In summary, the extension of the cylindrical capsule 1.1
with propanediurea units 3 results in the self-assembly of
three new molecular capsules including the “banana”- and
“S”-shaped structures III and IV. To best of our knowledge,
these structures are the first examples of “bent” molecular
capsules. The unique “banana” shape of host III allows the
encapsulation of a complementary shaped guest that is not
encapsulated in the known cylindrical capsules. These bent
assemblies augur well for a richer space-shape and concom-
itant recognition properties for encapsulation complexes of
the future.
Received: April 13, 2011
Revised: June 22, 2011
Published online: August 26, 2011
. Keywords: host–guest systems · molecular capsules ·
molecular recognition · reversible encapsulation · self-assembly
[1] a) K. N. Raymond, M. D. Pluth, D. Fiedler, J. S. Mugridge, R. G.
Bergman, Proc. Natl. Acad. Sci. USA 2009, 106, 10438–10443;
b) T. Heinz, D. M. Rudkevich, J. Rebek, Angew. Chem. 1999,
111, 1206–1209; Angew. Chem. Int. Ed. 1999, 38, 1136–1139;
c) A. Scarso, A. Shivanyuk, O. Hayashida, J. Rebek, J. Am.
Chem. Soc. 2003, 125, 6239–6243; d) L. C. Palmer, Y. L. Zhao,
K. N. Houk, J. Rebek, Chem. Commun. 2005, 3667–3669.
[2] a) V. M. Dong, D. Fiedler, B. Carl, R. G. Bergman, K. N.
Raymond, J. Am. Chem. Soc. 2006, 128, 14464–14465; b) M.
Yoshizawa, T. Kusukawa, M. Fujita, K. Yamaguchi, J. Am.
Chem. Soc. 2000, 122, 6311–6312; c) M. Ziegler, J. L. Bruma-
ghim, K. N. Raymond, Angew. Chem. 2000, 112, 4285–4287;
Angew. Chem. Int. Ed. 2000, 39, 4119–4121; d) M. Yoshizawa, T.
Kusukawa, M. Fujita, S. Sakamoto, K. Yamaguchi, J. Am. Chem.
Soc. 2001, 123, 10454–10459.
[3] a) J. Kang, J. Rebek, Nature 1997, 385, 50–52; b) M. Yoshizawa,
Y. Takeyama, T. Kusukawa, M. Fujita, Angew. Chem. 2002, 114,
1403–1405; Angew. Chem. Int. Ed. 2002, 41, 1347–1349; c) L. S.
Kaanumalle, C. L. D. Gibb, B. C. Gibb, V. Ramamurthy, J. Am.
Chem. Soc. 2004, 126, 14366–14367; d) J. Chen, J. Rebek, Org.
Lett. 2002, 4, 327–329; e) M. Yoshizawa, J. K. Klosterman, M.
Fujita, Angew. Chem. 2009, 121, 3470–3490; Angew. Chem. Int.
Ed. 2009, 48, 3418–3438.
[4] a) D. Fiedler, R. G. Bergman, K. N. Raymond, Angew. Chem.
2004, 116, 6916–6919; Angew. Chem. Int. Ed. 2004, 43, 6748–
6751; b) J. M. Kang, J. Santamaria, G. Hilmersson, J. Rebek, J.
Am. Chem. Soc. 1998, 120, 7389–7390; c) M. Yoshizawa, M.
Tamura, M. Fujita, Science 2006, 312, 251–254.
[5] T. Murase, S. Horiuchi, M. Fujita, J. Am. Chem. Soc. 2010, 132,
2866–2867.
[6] J. C. Sherman, Tetrahedron 1995, 51, 3395–3422.
[7] a) L. Avram, Y. Cohen, J. Am. Chem. Soc. 2004, 126, 11556–
11563; b) A. Shivanyuk, J. Rebek, Chem. Commun. 2001, 2424–
2425; c) J. M. C. A. Kerckhoffs, M. G. J. ten Cate, M. A. Mateos-
Timoneda, F. W. B. van Leeuwen, B. Snellink-Ruel, A. L. Spek,
H. Kooijman, M. Crego-Calama, D. N. Reinhoudt, J. Am. Chem.
Soc. 2005, 127, 12697–12708; d) L. R. MacGillivray, J. L.
Atwood, Nature 1997, 389, 469–472; e) T. Gerkensmeier, W.
Iwanek, C. Agena, R. Frohlich, S. Kotila, C. Nather, J. Mattay,
Eur. J. Org. Chem. 1999, 2257–2262; f) J. J. Gonz lez, R.
Ferdani, E. Albertini, J. M. Blasco, A. Arduini, A. Pochini, P.
Prados, J. de Mendoza, Chem. Eur. J. 2000, 6,7 3 – 8 0 ;g ) K .
Kobayashi, K. Ishii, S. Sakamoto, T. Shirasaka, K. Yamaguchi, J.
Am. Chem. Soc. 2003, 125, 10615–10624; h) A. Scarso, L.
Pellizzaro, O. De Lucchi, A. Linden, F. Fabris, Angew. Chem.
2007, 119, 5060–5063; Angew. Chem. Int. Ed. 2007, 46, 4972–
4975.
Table 1: Packing coefficients (PC) for encapsulated alkane guests. The
PC values highlighted in bold represent the major assemblies observed.
Guest Length
[a] PC
[b] PC
[b] PC
[b] PC
[b]
Extended Coiled [%] in I [%] in II [%] in III [%] in IV
n-C14H30 19.2 14.4 50 47
n-C15H32 20.5 15.3 53 50
n-C16H34 21.7 16.2 55 53
n-C17H36 23.0 17.2 53
n-C18H38 24.3 18.1 54 52
n-C19H40 25.5 19.1 53
n-C20H42 26.8 20.1 53
n-C21H44 28.0 21.0 55 54
n-C22H46 29.3 21.9 55
n-C23H48 30.6 22.7 56
[a] For determination of guest length see the Supporting Information.
[b] Assemblies were energy-minimized with guest inside at molecular
mechanics level before determination of the cavity volume (for details
see the Supporting Information).
Communications
12006 www.angewandte.org   2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 12003–12007[8] a) M. Fujita, K. Umemoto, M. Yoshizawa, N. Fujita, T.
Kusukawa, K. Biradha, Chem. Commun. 2001, 509–518; b) D.
Fiedler, R. G. Bergman, K. N. Raymond, Angew. Chem. 2006,
118, 759–762; Angew. Chem. Int. Ed. 2006, 45, 745–748; c) D.
Fiedler, D. H. Leung, R. G. Bergman, K. N. Raymond, Acc.
Chem. Res. 2005, 38, 349–358.
[9] L. S. Kaanumalle, C. L. D. Gibb, B. C. Gibb, V. Ramamurthy, J.
Am. Chem. Soc. 2005, 127, 3674–3675.
[10] T. Heinz, D. M. Rudkevich, J. Rebek, Nature 1998, 394, 764–
766.
[11] D. Ajami, J. Rebek, J. Am. Chem. Soc. 2006, 128, 5314–5315.
[12] D. Ajami, J. Rebek, Angew. Chem. 2007, 119, 9443–9446;
Angew. Chem. Int. Ed. 2007, 46, 9283–9286.
[13] K. Moon, W. Z. Chen, T. Ren, A. E. Kaifer, CrystEngComm
2003, 5, 451–453.
[14] G. Piacenza, C. Beguet, E. Wimmer, R. Gallo, M. Giorgi, Acta
Crystallogr. Sect. C 1997, 53, 1459–1462.
[15] C. Siering, J. Torang, H. Kruse, S. Grimme, S. R. Waldvogel,
Chem. Commun. 2010, 46, 1625–1627.
[16] D. Ajami, J. Rebek, Nat. Chem. 2009, 1, 87–90.
12007 Angew. Chem. Int. Ed. 2011, 50, 12003–12007   2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org